A magneto-structural phase transition is investigated in single crystal CrN thin films grown by rf plasma molecular beam epitaxy on MgO(001) substrates. While still within the vacuum environment following MBE growth, in-situ low-temperature scanning tunneling microscopy, and in-situ variable low-temperature reflection high energy electron diffraction are applied, revealing an atomically smooth and metallic CrN (001) we also discuss results from first-principles theoretical calculations which explore various possible magneto-structural models.
I. INTRODUCTION
Although originally known for its impressive physical properties including high hardness and corrosion resistance 1,2 , chromium nitride (CrN) has attracted considerable attention in recent years due to its potential use as an electronic or spintronic material resulting from observed semiconducting-like behavior over a variety of temperatures 3 , and its antiferromagnetic ordering at low temperatures 4 . Besides potential electronic applications, CrN could be a model system for studying first-order phase transitions in which structural, electronic, and magnetic properties are intertwined.
The structural, electronic, and magnetic properties of CrN were originally understood based only on results from bulk powder samples 5, 6 . For example, it was known since 1960 that bulk CrN is paramagnetic (PM) with a rock-salt crystal structure at room temperature Herwadkar and Lambrecht's 2009 paper examined and attempted to address some of the discrepant reports by means of electronic structure calculations using the local spin density approximation including Hubbard correction (LSDA+U) applied to the Corliss AFM model (referred to as AFM-[110] 2 ) as well as some competing models. They proposed possible reasons for the widely differing transport properties reported, and the observation or lack thereof, of structural/magnetic phase transitions suggesting, for example, that the various properties could be strongly affected by the presence/abscence of N vacancies and possible localization effects 13 .
In this paper, we apply variable temperature reflection high energy electron diffraction (VT-RHEED), variable temperature x-ray diffraction (VT-XRD), and variable temperature neutron diffraction (VT-ND) to investigate a possible structural phase transition, and variable temperature neutron diffraction to investigate a possible magnetic phase transition in CrN thin films grown using rf N-plasma MBE. The experimental results may be compared to, and are consistent with, the temperature-dependent resistivity results reported by Constantin et al. in 2004 9 . We also carry out first-principles theoretical calculations for CrN using several different computational methods in order to investigate structural and magnetic models which are consistent with our experimental results. Although we will show that the measurements do not uniquely support one particular structural model, the structural phase transition is very clear, both for the in-plane as well as out-of-plane measurements, although there are some variations in the measured structural transition temperatures. On the other hand, we will also show that the magnetic measurements uniquely support the magnetic model (AFM-[110] 2 ) put forth by Corliss et al. in 1960. 5 We also find that sample stoichiometry (nitrogen deficiency) appears to affect the transition temperature slightly.
II. METHODS
Growth and VT-RHEED experiments are performed in a custom designed ultra-high vacuum (UHV) system combining MBE with low temperature spin-polarized scanning tunneling microscopy (LT-SP-STM), which makes excellent conditions for in situ characterization of Chromium nitride samples are further studied to optimize growth conditions for high quality films using a wide variety of surface and bulk sensitive techniques including LT-STM, Rutherford back-scattering spectrometery (RBS), and x-ray diffraction (XRD).
A possible in-plane structural transition is studied in situ in CrN samples S73 and S75
using VT-RHEED. The possible out-of-plane structural transition is studied ex situ in S45
and S61 using VT-XRD, and VT-ND, respectively. The VT-RHEED setup consists of a custom designed VT sample stage, which can be heated up to 1273 K and cooled down to 193 K and a RHEED system for continuously monitoring surfaces. Convergence was achieved when the forces acting on each ion were smaller than 0.002 eV/Å, and the energy difference between two consecutive steps was less than 0.01 eV. Moreover, Brillouin zone integration has been done using a Methfessel-Paxton 24 smearing of 0.01 Ry and an optimized and equally spaced k-points mesh of 5x5x5 25 centered at Gamma.
III. RESULTS AND DISCUSSION
A. Growth and In-situ Sample Characterization Shown in Fig. 1(a) Such effects are not obvious in the RHEED patterns taken below T N .
On the other hand, we do observe new streaks/spots in the RHEED patterns of S73 and S75 at 277 K and 278 K, respectively, upon cooling, as shown in Fig. 2 . The relative brightness of the new streaks/spots increases with further decrease in the sample temperature while the overall patterns stay the same. It is an abrupt transition with a transition temperature of ∼ 278 K. As described in the following, the appearance of these additional streaks/spots below the transition temperature corresponds to a transition from a 1×1 unit 
D. Model to Explain the In-plane Transition Seen in VT-RHEED
To understand the origin of the diffraction streaks/spots seen in RHEED above and below the transition temperature, a detailed model of the CrN surface is shown in Fig. 3 . Using this model, each RHEED streak/spot from the experimental patterns can be precisely accounted for. The direct lattice is shown in Fig. 3(a) , and the corresponding reciprocal lattice map is shown in Fig. 3 and face-centered atoms, leading to half yellow and half blue atoms seen in the model.
And then the corresponding reciprocal lattice map consists of the previous set of (yellow)
spots plus an additional new set of (blue) spots seen in Fig. 3(b) . These new edge-center spots account for all the new spots seen in the LT-RHEED patterns. Sets of reciprocal space points along certain directions (indicated by straight lines in Fig. 3(b) ) correspond to particular Laue zones seen in the RHEED patterns. Every Laue zone and every reciprocal space lattice point is labeled in the figure in a manner consistent with markings in Fig. 2 .
Based on the model shown in Fig. 3(a) We find that the simple model having a cubic unit cell fully explains the RHEED spots observed at LT; however, the cause of this super-periodicity seen on the surface is unknown.
It may indicate a structural distortion. Since RHEED is not spin sensitive, we cannot conclude anything about the spin ordering at the surface, and we assume that it corresponds to some kind of cooling-induced surface buckling or other structural effect. It is possible however, that the surface phase transition corresponds to the bulk phase transition for two reasons. First, the RT 1×1 surface structure is bulk-like; and second, the phase transition coincides pretty closely with the one observed in neutron diffraction described below for bulk. To determine if this structural transition is first-order, we monitored the peak intensity at 2θ = 40.2
• as a continuous function of temperature upon heating from 240 K after cooling from room temperature. We see an abrupt change in intensity at T = 268 K, as shown in Fig. 5(b) . The transition spans a range of about 12 K, but the actual transition could be sharper due to our finite temperature equilibration times (2.6 minutes per point).
Using VT-ND, we also investigated the temperature dependence of the 002 peak, as shown in Fig To isolate any in-plane component of the lattice distortion, we performed similar neutron diffraction measurements for the 220 peak, as shown in Fig. 5(d) . In this case, the anticipated RT CrN 220 peak for the curve taken at 305 K is at 68.2
• , and a shoulder near this angle is seen well separated from the MgO 220 peak (note that the fitted position of the 220
MgO peak is 2θ = 67.3
• , relative to the expected position 66.8
• for bulk MgO). The 220 curve for 240 K (in Fig. 5d ) also shows a shoulder at the same angle (Note that the 240 K data were obtained in different conditions with reduced shielding effectively coincides with the 220 pseudocubic CrN reflection at high temperature. At low temperature, we do not see any significant increase in scattering near the expected position of the 400 (69.4
• ) though any scattering may be masked by the instrument background, which is larger due to instrument configuration differences (as noted above). So therefore, we do not find any definitive evidence of a LT lattice distortion along the in-plane direction for these CrN films, though the neutron measurements cannot rule out this possibility.
The overall conclusion from these structural studies is that a structural transition is VT-ND and VT-RHEED results are consistent with a possible tetragonal type structure at low temperatures. In any case, a structural transition is definitely observed within our films.
G. Measuring the Magnetic Phase Transition Using VT-ND
Based on the work of Filippetti et al., 8 it is expected in CrN that spin ordering drives structural distortion. Therefore, we expect a connection between the observed structural transition and a magnetic phase transition in our films. Neutron diffraction is the most accurate way to probe the onset of long-range magnetic order, particularly in the case of antiferromagnetism. Sample S45 (670 nm thick) was aligned in the hhl zone, within the pseudocubic notation for the high-temperature rock-salt structure. Both the 1 magnetic peaks which we observed, and yet the RHEED did not observe any in-plane distortion expected for the orthorhombic model, consistent with the VT-ND results which did not observe any changes in the 220 peak position after cooling the sample. On the other hand, the 111 peak was observed to shift, exhibiting a first-order phase transition versus temperature.
These results suggested the possibility of other models which could explain the magnetism while also giving a better agreement structurally. For example, the LT-RHEED data suggest a square lattice unit cell, and given the results from VT-XRD and VT-ND, it would therefore make sense to consider both cubic and tetragonal AFM models, in addition to the AFM-
[110] 2 model. Two such models are presented in Fig. 7 (c) (AFM-cubic, Type 1 AFM) and We therefore performed numerical calculations for non-magnetic, ferromagnetic, and antiferromagnetic ordering in the cases of cubic, tetragonal, and orthorhombic models using GGA (generalized gradient approximation) and LDA+U (local density approximation + Hubbard correction, with 3 eV ≤U≤ 5 eV). Our models are divided into two categories based on the number of monolayers (ML's). The models with < 9 ML's (surface) give a lattice constant of 4.140Å, whereas models with ≥ 9 ML's (bulk) are relatively relaxed and give a lattice constant of 4.145Å.
For the AFM-cubic model, both the surface and bulk models show metallic behavior. To determine the best model, we employed the minimum energy criteria. Energies of the ferromagnetic and non-magnetic models are both higher than all the AFM models; therefore, Fig. 7(a) . This doubling also occurs along one axis only in the case of the AFMtetragonal model; however, this will not give rise to 
